The dependence of biodynamic responses of the seated human body on the frequency, magnitude, and waveform of vertical vibration has been studied in 20 males and 20 females. With sinusoidal vibration (13 frequencies from 1 to 16 Hz) at five magnitudes (0.1 to 1.6 ms -2 r.m.s.) and with random vibration (1 to 16 Hz) at the same magnitudes, the apparent mass of the body was similar with random and sinusoidal vibration of the same overall magnitude. With increasing magnitude of vibration, the stiffness and damping of a model fitted to the apparent mass reduced and the resonance frequency decreased (from 6.5 to 4.5 Hz). Male and female subjects had similar apparent mass (after adjusting for subject weight) and a similar principal resonance frequency with both random and sinusoidal vibration. The change in biodynamic response with increasing vibration magnitude depends on the frequency of the vibration excitation, but is similar with sinusoidal and random excitation.
Introduction
During whole-body vertical vibration, the resonance frequency evident in the vertical apparent mass of the human body decreases with increasing magnitude of vibration excitation, a phenomenon referred to as a biodynamic nonlinearity (Hinz and Seidel 1987 , Fairley and Griffin 1989 , Mansfield and Griffin 2000 , Matsumoto and Griffin 2002 , Nawayseh and Griffin 2003 . With random vibration in the frequency range 1 to 20 Hz, Fairley and Griffin (1989) found that the principal resonance frequency in the vertical apparent masses of 60 seated subjects (24 men, 24 women and 12 children) decreased from about 6 Hz to about 4 Hz as the vibration magnitude increased from 0.25 to 2.0 ms -2 r.m.s. A second resonance in the vertical apparent mass, evident in the frequency range 8 to 12 Hz, has also been observed to reduce as the magnitude of vibration excitation increases (Fairley and Griffin 1989, Mansfield and Griffin, 2000) .
When the seated body is excited by random vertical vibration there are significant forces on the seat in the fore-and-aft direction. These forces also show a nonlinear relationship to the vibration magnitude during random vertical excitation (Matsumoto and Griffin 2002a , 2002b , Nawayseh and Griffin 2003 , Hinz et al. 2006 ).
There have been few studies of biodynamic nonlinearity during exposure to vertical sinusoidal vibration. The resonance frequency in the apparent mass averaged over four subjects decreased from 4.5 to 4 Hz as the magnitude of sinusoidal vertical vibration increased from 1.5 to 3.0 ms -2 r.m.s. (Hinz and Seidel 1987) . Increasing the magnitude of sinusoidal vibration (over the range 0.5 to 2.0 ms -2 r.m.s.) increased the apparent mass at 3.15 Hz but decreased the apparent mass at 5.0, 6.3, and 8.0 Hz (Matsumoto and Griffin 2005) .
During excitation by sinusoidal vibration, the dominant body motions occur at different locations in the body according to the frequency of the vibration excitation. During excitation by random vibration there is a more distributed movement of all parts of the body, with some parts experiencing more movement and other parts experiencing less movement than during excitation by any single frequency of sinusoidal vibration at the same acceleration magnitude. The nonlinearity observed in the apparent mass with random vibration does not identify which frequencies, or which movements, are associated with the nonlinearity. For example, nonlinearity observed at 16 Hz during random vibration may be caused by the 16-Hz vibration within the spectrum or it may be caused by the influence of vibration at another frequency. Although the vertical apparent mass of the human body has occasionally been measured with both sinusoidal and random vibration (e.g., Mansfield and Maeda, 2005) there has been little consideration of the nonlinearity in the apparent mass with different vibration waveforms.
Whereas biodynamic studies have mostly investigated responses to random vibration, studies of subjective reactions to vibration (e.g., judgements of vibration discomfort) have mostly investigated responses to sinusoidal vibration. The subjective studies have also observed nonlinearities (e.g., Matsumoto and Griffin 2005 , Morioka and Griffin 2006 , Subashi et al. 2009 ). In their working and leisure activities, people are exposed to non-sinusoidal vibration, so the applicability of the subjective studies (that employ sinusoidal vibration to obtain 'weightings' from the subjective judgements at each frequency) depends on an understanding of the nonlinearity, and whether the nonlinearity is similar with sinusoidal and non-sinusoidal vibration. Although the nonlinearity can have a large influence, the mechanisms responsible are not yet understood, so there are doubts as to the applicability to real environments of some of the findings from laboratory studies of human responses to sinusoidal vibration.
The effects of subject characteristics on the apparent mass of the body has been investigated in various studies (e.g., Fairley and Griffin 1989 , Boileau et al. 1998 , Paddan and Griffin 1998 , Holmlund et al. 2000 , Wang et al. 2004 , Toward and Griffin 2011 . Variability induced by differences in body mass, age, gender, height, and size among subjects are classified as inter-subject variability. In a group of 60 subjects, the principal resonance frequencies were found to be negatively correlated with the total body weights and static sitting weights of subjects divided by their sitting height (Fairley and Griffin 1989) . In a group of 80 subjects, the principal resonance frequency in the vertical apparent mass was most consistently associated with age and with body mass index (BMI) (Toward and Griffin 2011) . The only subject characteristic found to influence the biodynamic nonlinearity has been gender:
the reduction in resonance frequency with increasing vibration magnitude was less in females than in males, but only when seated with a reclined rigid backrest (Toward and Griffin 2011) . It was speculated that the difference in nonlinearity between the genders might have been caused by anatomical differences having a greater influence when supported by a reclined rigid backrest, consistent with the BMI affecting the resonance frequency in this posture.
Similar to biodynamic responses, subjective responses to vibration also depend on the magnitude of vibration excitation. Some nonlinearities in vibration discomfort (i.e., changes in the frequencydependence of discomfort with changing magnitude of vibration excitation) appear to be associated with the nonlinearity in the biodynamic responses of human body (Matsumoto and Griffin 2005 , Subashi et al. 2009 , Zhou and Griffin 2014 ).
This study was primarily designed to compare the biodynamic non-linearity, as reflected in the vertical apparent masses and the fore-and-aft cross-axis apparent masses of seated people, during random and sinusoidal vertical vibration excitation. The nonlinearity was quantified by changes in the measured apparent masses, the principal resonance frequencies, and the parameters of a simple mathematical model of the vertical apparent mass. It was hypothesised that: (i) with both sinusoidal and random vibration, the equivalent stiffness and equivalent damping of the body would decrease with increasing magnitude of vibration excitation, and that there would be a corresponding reduction in the principal resonance frequencies of both the vertical apparent mass and the fore-and-aft crossaxis apparent mass; (ii) with both sinusoidal and random vibration, the principal resonance frequency in the vertical apparent mass would correlate with the principal resonance frequency in the fore-andaft cross-axis apparent mass; (iii) at each magnitude of vibration, the different distributions of vibration in the body with random and sinusoidal vibration would result in different apparent masses measured with the two waveforms. In view of a reported difference in nonlinearity in males and females, the study had the subsidiary objective of comparing nonlinearity in males and females.
Method

Apparatus
A 1-metre stroke vertical electrohydraulic vibrator was employed to generate vertical vibration of a rigid flat seat. An accelerometer (Silicon Designs 2260-002) measured vertical acceleration and a force platform (Kistler 9281B) measured the vertical and fore-and-aft forces between the seat and subjects.
Sinusoidal vibration and random vibration were generated by a Servotest Pulsar system and acquired using an HVLab data acquisition and analysis system (version 1.0; University of Southampton, UK).
The measured force and acceleration were acquired at 512 samples per second via 50-Hz antialiasing filters. The distortions of the sinusoidal acceleration waveforms were examined by fitting measured waveforms to the desired waveforms. For all sinusoidal waveforms, the difference, δ a , between the measured and desired acceleration was calculated from:
where a d (t) is the desired acceleration, and a m (t) is the measured acceleration. For the session of the experiment using low magnitude stimuli, the median difference between the measured acceleration waveform and the desired acceleration waveform (i.e., δa) was 1.7% (with a 5%-95% range from 0.43% to 5.5%). The distortions were less with the greater magnitude stimuli employed in the sessions with medium and high magnitudes (see below).
Subjects sat on the seat without making contact with the backrest (Figure 1 ). They rested their feet on a rigid footrest that was attached to the vibrator table.
FIGURE 1 ABOUT HERE
Subjects
Twenty male and twenty female subjects, students and staff at the University of Southampton, participated in the study. The subject characteristics are shown in Table 1.   TABLE 1 ABOUT HERE Subjects were exposed to white noise at 65 dB(A) via a pair of headphones. During exposure to vibration, they closed their eyes to prevent vision influencing their reactions to the motion.
Experimental design
The experiment had three sessions conducted on different days. In each session, subjects were exposed to a series of vertical sinusoidal vibrations of 6-s duration, with the first and last second tapered by cosine functions. The sinusoidal motions were presented at each of 13 frequencies (1, 1.25, 1.6, 2, 2.5, 3.15, 4, 5, 6.3, 8, 10.0, 12.5 or 16 Hz) and at various magnitudes (including 0.1, 0.2, 0.4, 0.8 and 1.6 ms -2 r.m.s.). The order of presenting the vibration frequencies and vibration magnitudes was randomized.
At the end of the final session, subjects were exposed to random vertical vibration at five magnitudes (0.1, 0.2, 0.4, 0.8, and 1.6 ms -2 r.m.s.). The random vibration had an approximately flat constant bandwidth spectrum that was band-limited (Butterworth filter cut-off frequencies of 0.5 Hz and 18 Hz with 24 dB/octave attenuation rates). Each magnitude of random vibration was presented for 60 s.
The order of presenting the magnitudes of random vibration was randomized.
The experiment was also designed to obtain the subjective responses of the subjects to the sinusoidal vibration stimuli. The subjective responses are reported separately (Zhou and Griffin, 2014 
Analysis
With random vibration, the vertical apparent mass was calculated by the cross-spectral density method:
where M(f) is the apparent mass, is S af (f) is the cross spectral density function between the vertical seat acceleration and the vertical force at the seat surface, and S a (f) is the power-spectral density function of the vertical seat acceleration, all calculated using a frequency resolution of 0.25 Hz. The effect of the mass of the top plate on the force platform was eliminated by subtracting the vertical acceleration multiplied by the mass of the top plate of the force platform (i.e., 31.5 kg) from the measured vertical force. The fore-and-aft cross-axis apparent mass was calculated similarly, with S af (f) the cross spectral density function between the vertical seat acceleration and the fore-and-aft force. A fore-and-aft mode in the response of the hydraulic vibrator impeded accurate measurement of foreand-aft cross-axis apparent mass around 16 Hz, so all measures of fore-and-aft cross-axis apparent mass are limited to the range 1 to 12.5 Hz.
With sinusoidal vibration, the vertical apparent mass was calculated from the ratio of the r.m.s. values of the vertical seat acceleration and the vertical force at the seat surface after mass cancellation:
where M zz is the vertical apparent mass, F z-rms is the r.m.s. value of the vertical force at the seat surface, and A z-rms is the r.m.s. value of the vertical seat acceleration. Mass cancellation was performed by subtracting the product of the mass of the top plate of the force platform and the vertical seat acceleration time history from the measured vertical force time history. The phase of the apparent mass was calculated from the maximum in the cross-correlation function between the force, after mass cancellation, and the acceleration.
With sinusoidal vibration, the fore-and-aft cross-axis apparent mass was calculated from the ratio of the r.m.s. values of the vertical seat acceleration and the fore-and-aft force at the seat:
where M xz is the cross-axis apparent mass, F x-rms is the r.m.s. value of the force at the seat in the fore-and-aft direction, and A z-rms is the r.m.s. value of the vertical seat acceleration.
To compare the apparent masses of males and females, the 'normalised apparent mass' of each subject was calculated by dividing their apparent mass by the modulus of their vertical apparent mass at 1 Hz. This gives a normalised vertical apparent mass of unity at 1 Hz.
The apparent mass obtained at the highest magnitude of vibration (i.e., 1.6 ms -2 r.m.s.) was expressed as a ratio of the apparent mass obtained at the lowest magnitude of vibration (i.e., 0.1 ms -2 r.m.s.) so as to quantify the nonlinearity, n, at each frequency:
(5)
Curve fitting
To quantify the biodynamic nonlinearity, a one-degree-of-freedom parametric model (model 1b, Wei and Griffin, 1998, Figure 2 ) was used to fit the vertical apparent masses and phases (from 1 to 16 Hz) with both random and sinusoidal vibration so as to obtain the stiffness and damping of the model at each of the five magnitudes (i.e., 0.1, 0.2, 0.4, 0.8 and 1.6 ms -2 r.m.s.). It was assumed there was no mass transfer during vibration, and the masses m 1 and m 2 could be constrained to 15% and 85% of the sitting masses of subjects, in accord with the findings of Wei and Griffin (1998) . The sitting masses were obtained from the measured apparent mass of each subject at 1 Hz.
FIGURE 2 ABOUT HERE
A constrained minimum error search command 'fmincon()' from the optimisation toolbox of MATLAB (version R2010a) was used for curve fitting. The target error, E(f), was calculated by summing the squared errors in the modulus and phase at each frequency between the measured data and the fitted curve:
where E(f) is the overall target error between the fitted curve and measured apparent mass, N is the number of frequency points in the measured apparent mass (61 points for random vibration, 13 points for sinusoidal vibration corresponding to the frequency range 1-16 Hz), M m (f) and PH m (f) are the apparent mass modulus and phase of the model at each frequency, M s (f) and PH s (f) are the measured apparent mass modulus and phase. The initial guesses and bounds of the stiffness and damping were determined from published data where the parameters m 1 , m 2 , k 1 , c 1 had been determined by fitting the model in the frequency domain to the apparent mass measured with random vibration (Wei and Griffin, 1998) . In 24 male subjects, they found optimum stiffness and optimum damping in the ranges 29,409 to 77,829 Nm -1 and 675 to 2,345 Nsm -1 , respectively. Considering the variability between subjects, the lower and upper bounds of the stiffness and damping in the present study were set to 10,000 to 200,000 Nm -1 and 100 to 10,000 Nsm -1 , respectively. In order to avoid optimisation to local minima, different start points were used in a 'Global Search' algorithm in
MATLAB (version R2010a).
A two-degree-degree-of-freedom parametric model (model 2b from Wei and Griffin, 1998) was also fitted to the measured apparent masses, with both constrained and un-constrained masses.
Results
Vertical apparent mass
Sinusoidal vibration
The principal resonance in the vertical apparent mass during sinusoidal vertical excitation was in the region of 5 Hz, but with variability within the 20 males and within the 20 females ( Figure 3 ).
FIGURE 3 ABOUT HERE
With increasing magnitude of sinusoidal vibration, the phase lag of the apparent mass tended to increase ( Figure 4 ).
FIGURE 4 ABOUT HERE
The resonance frequency in the vertical apparent mass reduced with increasing magnitude of sinusoidal excitation in both males and females (p<0.001 Friedman; Table 2 ). As the magnitude of sinusoidal vibration increased from 0.1 to 1.6 ms -2 r.m.s., the median resonance frequency evident in the modulus of the apparent mass decreased from 6.3 Hz to 4 Hz in both males and females.
TABLE 2 ABOUT HERE
Random vibration
The principal resonance in the vertical apparent mass during random vibration was also in the vicinity of 5 Hz, with variability within the males and within the females ( Figure 5 ).
FIGURE 5 ABOUT HERE
With increasing magnitude of vibration, the modulus of the apparent mass shows nonlinearity with the resonance frequency decreasing with increasing magnitude of vibration (Table 2, Figure 6 , and Figure   7 ). As the magnitude of random vibration increased from 0.1 to 1.6 ms -2 r.m.s., the median resonance frequency of the apparent mass decreased from 6.5 Hz to 4.5 Hz in males and decreased from 6.25 to 4.5 Hz in the females (p<0.001 for both males and females, Friedman). There were significant differences in the resonance frequency within both males and females with every increment in vibration magnitude (i.e., between 0.1 and 0.2 ms -2 r.m.s., between 0.2 and 0.4 ms -2 r.m.s., between 0.4 and 0.8 ms -2 r.m.s., between 0.8 and 1.6 ms -2 r.m.s.; Wilcoxon, p<0.005).
FIGURE 6 AND FIGURE 7 ABOUT HERE
With increasing magnitude of vibration excitation, the apparent mass at resonance showed a trend to decrease and then increase in the males (p=0.0189, Friedman) but increase in the females (p=0.00043, Friedman).
Comparing sinusoidal and random vibration
The median moduli and phases of the apparent mass measured with sinusoidal and random vibration were similar at all five magnitudes of vibration, for both males and females (Figures 8 and 9 ). After correction of p-values for multiple-comparisons, there were no significant differences at any frequency between the moduli or the phases of the apparent mass measured with sinusoidal and random vibration at the same r.m.s. magnitude.
FIGURE 8 AND FIGURE 9 ABOUT HERE
Effect of subject physical characteristics
There were no significant differences in the normalised vertical apparent mass between male and female subjects with either sinusoidal or random vibration at any of the five magnitudes of vibration at any frequency (p>0.05, Mann-Whitney U-test, Figures 10 and 11 ). There were also no significant differences in the resonance frequencies of the normalised apparent mass between males and females at any of the five magnitudes of vibration with either sinusoidal or random vibration (p>0.05, Mann-Whitney U-test).
FIGURE 10 AND FIGURE 11 ABOUT HERE
The biodynamic measurements (i.e., the apparent masses at different frequencies and the resonance frequency of the apparent mass) at each of the five magnitudes of random and sinusoidal vibration were compared with the physical characteristics of the 40 subjects (i.e., age, total-weight, sittingweight, knee-height, sitting-height, body mass index). There was no significant correlation between subject age and any of the biodynamic measurements (i.e., apparent masses at different frequencies, resonance frequency of apparent mass) at any of the five vibration magnitudes (p>0.05, Kendall's τ b correlation coefficient). There were significant positive correlations between total-weight, sitting-weight, knee-height, sitting-height, BMI and the apparent masses at 1, 10, and 16 Hz and also the resonance frequency (p<0.05, Kendall's τ b correlation coefficient).
Fore-and-aft cross-axis apparent mass
Sinusoidal vibration
Similar to the vertical apparent mass, the principal resonance in the fore-and-aft cross-axis apparent mass during sinusoidal vertical excitation was in the region of 5 Hz, but with variability within the 20 males and within the 20 females ( Figure 12 ).
FIGURE 12 ABOUT HERE
The modulus of the fore-and-aft cross-axis apparent mass varied with the magnitude of the vertical vibration excitation at all frequencies in the males and at all frequencies except 4 Hz in the females (p<0.05, Friedman; Figure 13 ).
FIGURE 13 ABOUT HERE
The median resonance frequencies in the fore-and-aft cross-axis apparent mass at resonance decreased from 6.3 to 4.0 Hz as the magnitude of vibration increased from 0.1 to 1.6 ms -2 r.m.s. in both the males and the females (p<0.001 Friedman; Table 2 ).
The median fore-and-aft cross-axis apparent mass at resonance also decreased as the vibration magnitude increased from 0.1 to 1.6 ms -2 r.m.s. in both males and females (Figure 13 ; p<0.001
Friedman).
Random vibration
The modulus of the fore-and-aft cross-axis apparent mass during random vibration also varied between subjects ( Figure 14 ) and was highly dependent on the magnitude of vibration, with the frequency of the peak in the cross-axis apparent mass decreasing with increasing magnitude of vibration ( Figure 15 , Table 2 ).
FIGURES 14 AND 15 ABOUT HERE
The median resonance frequencies in the fore-and-aft cross-axis apparent mass at resonance decreased from 6.4 to 4.5 Hz as the vibration magnitude increased from 0.1 to 1.6 ms -2 r.m.s. in male subjects and decreased from 6.4 to 4.8 Hz in female subjects ( in male subjects. The median fore-and-aft cross-axis apparent mass at resonance also decreased as the vibration magnitude increased from 0.1 to 1.6 ms -2 r.m.s. in both the males and females (Figure 15; p<0.001 Friedman).
Comparing sinusoidal and random vibration
The fore-and-aft cross-axis apparent mass shows small but systematic differences between sinusoidal and random excitation at most of the 12 frequencies, with greater apparent mass with sinusoidal excitation at the two lower magnitudes (i.e., 0.1 ms -2 r.m.s. and 0.2 ms -2 r.m.s.; Figure 16 and Table 3 ).
FIGURE 16 AND TABLE 3 ABOUT HERE
Effect of subject physical characteristics
There were no significant differences in the normalised cross-axis apparent masses of the males and females at any of the 12 frequencies at any of the five magnitudes of sinusoidal or random vibration (p>0.05, Mann-Whitney U-test; Figure 17 ). There were also no significant differences in the resonance frequencies of the normalised fore-and-aft cross-axis apparent mass between the males and females at any of the five magnitudes of vibration with either sinusoidal or random vibration (p>0.05, Mann-Whitney U-test).
FIGURE 17 ABOUT HERE
The fore-and-aft cross-axis biodynamic measurements (i.e., the fore-and-aft cross-axis apparent masses at different frequencies and the resonance frequency of the apparent mass) at each of the five magnitudes of random and sinusoidal vibration were also compared with the physical characteristics of the 40 subjects (i.e., age, total-weight, sitting-weight, knee-height, sitting-height, body mass index). There were significant positive correlations between total-weight, sitting-weight, knee-height, sitting-height, BMI and the apparent masses at 10 Hz and also at the resonance frequency (p<0.05, Kendall's τ b correlation coefficient).
Comparing vertical apparent mass and fore-and-aft cross-axis apparent mass
There were no significant differences between the primary resonance frequencies in the vertical apparent mass and fore-and-aft cross-axis apparent mass with either random or sinusoidal vibration at any of the five magnitudes investigated (p>0.05, Wilcoxon). Over the 40 subjects, the resonance frequencies of the vertical apparent mass were correlated with the resonance frequencies of the foreand-aft apparent mass with all five magnitudes of random vibration and with four magnitudes of sinusoidal vibration (i.e., except 0.4 ms -2 r.m.s.; Figure 18 ). The nonlinearity is also evident in the phase of the apparent mass. With both vibration waveforms, the phase lag increased rapidly with increases in the frequency of the vibration excitation around the resonance frequency. As the vibration magnitude increased from 0.1 to 1.6 ms -2 r.m.s., there was a reduction in the frequency at which the phase started to increase. The changes in the phase of the apparent mass are consistent with the changes in the modulus of the apparent mass (Figures 4 and   6 ).
The mechanism responsible for the nonlinear biodynamic responses of the human body has been considered previously. It has been speculated that with increased magnitudes of vibration the thixotropic-like behaviour of the musculoskeletal structure reduces the dynamic stiffness of the body (Fairley and Griffin 1989) . Both the stiffness, k, and the damping, c, of the one degree-of-freedom model reduced with increasing magnitude of both sinusoidal vibration and random vibration (Tables 4   and 5 ). The stiffness of such a model has been found to reduce with increasing magnitude of vibration in previous studies (e.g., Huang and Griffin 2006) , and one study has reported a significant reduction in the damping (Toward and Griffin, 2010) .
Nonlinearity along the vibration transmission path common to the spine and the abdomen allows the possibility that the nonlinearity might be caused by a combination of factors: a softening response of the buttocks tissue, a bending or buckling response of the spine (i.e., a geometric nonlinearity), and different muscular forces at different magnitudes of vibration (a doubling of vibration magnitude not resulting in a doubling of muscle activity) (Mansfield and Griffin 2000) . The nonlinearity appears to decrease with voluntary increases in muscle tension around the buttocks, suggesting these tissues may be partly responsible for the nonlinearity (Matsumoto and Griffin 2002b) . During vertical vibration excitation, nonlinearity in the apparent masses of seated subjects is slightly reduced when pressure on the tissues at the ischial tuberosities is increased, also consistent with these tissues being involved in the nonlinearity (Nawayseh and Griffin 2003) . Other studies also suggest that passive thixotropy of soft tissues, rather than geometric nonlinearity or voluntary or involuntary muscular activity, is the most likely primary cause of the nonlinearity in biodynamic responses of the human body to wholebody vibration Griffin 2008, Huang and ). The present study shows that the nonlinearity is similar with sinusoidal and random vibration, which suggests it is unlikely that changes in muscle activity are the principal cause of the nonlinearity.
By determining the parameters of a single degree-of-freedom model that fit the vertical apparent mass of the body at different magnitudes of vibration, the results can be applied to the specification of anthropodynamic dummies for replacing people when measuring seat transmissibility. In many situations the variation in apparent mass associated with the relevant range of vibration magnitudes is likely to be greater than the differences in apparent mass between a single degree-of-freedom model and a two degree-of-freedom model. It might therefore be argued that unless an anthropodynamic dummy is appropriately nonlinear, or the range of magnitudes of vibration is very narrow, there is no justification for developing an anthropodynamic dummy with more than a single degree-of freedom.
Nonlinearity in the fore-and-aft cross-axis apparent mass
There was similar nonlinear behaviour in the fore-and-aft cross-axis apparent mass as in the vertical apparent mass: a decrease in the resonance frequency with each increase in vibration magnitude (Figures 6 and 15) . At all frequencies, and with both sinusoidal and random vibration at all magnitudes, the fore-and-aft cross-axis apparent mass was less than the vertical apparent mass
(compare Figures 4 and 13, and Figures 6 and 15). However, it is clear that vertical excitation caused
substantial fore-and-aft forces during both sinusoidal and random excitation, especially over the range 4 to 10 Hz.
Different mechanisms could be responsible for the non-linearity in the vertical apparent mass and the fore-and-aft cross-axis apparent mass. With random vertical vibration excitation at 1.7 ms -2 r.m.s. from 0.5 to 30 Hz, and measuring the motion of the head, spine, pelvis, and viscera in the mid-sagittal planes of eight subjects, Kitazaki and Griffin (1998) found separate vibration modes at 3.4 and 4.9 Hz produced by two different mechanisms. The mode at 3.4 Hz was a bending mode of the entire spine, with fore-and-aft motion of the pelvis in phase with fore-and-aft motion of the head. The mode at 4.9
Hz was the principal mode and in phase with a vertical visceral mode. Tensing the muscles of the tissues beneath the pelvis appears to affect the nonlinearity in the vertical direction but not the nonlinearity in the fore-and-aft direction (Matsumoto and Griffin 2002b) , and increasing pressure on the tissue beneath the pelvis (sitting on a seat with minimum thigh contact) appears to reduce the nonlinearity in only the vertical direction (Nawayseh and Griffin 2003) .
Although some studies have found differences suggestive of different mechanisms for nonlinearity in the vertical apparent mass and the fore-and-aft cross-axis apparent mass, in the present study, the primary resonance frequencies in the vertical apparent mass were highly correlated with the primary resonance frequency in fore-and-aft cross-axis apparent mass with both random vibration and sinusoidal vibration at each of the five magnitudes investigated (Figure 18 ). The correlation coefficients were greater with random vibration, consistent with the finer frequency resolution, and increased with increasing magnitude of vibration. In part, differences between the resonances in each direction may be due to difficulty in identifying the resonance frequency in some individuals (Figures 3, 5, 12, 14) . Resonance frequencies in the fore-and-aft cross-axis apparent mass have also been found to be correlated with resonances in the vertical in-line apparent mass by Qiu and Griffin (2010) .
Effect of vibration waveform on the apparent mass
Many previous studies have found nonlinearities in the apparent mass when using random vibration, including a reduction in the resonance frequency with increasing magnitude of vibration. This study shows that changes in the magnitude of sinusoidal vibration cause similar nonlinear changes. This is broadly consistent with changes in the frequency-dependence of subjective responses associated with increases in the magnitude of vibration excitation at some frequencies (e.g., Matsumoto and 
FIGURE 21 ABOUT HERE
The non-linearity that is observed at any frequency may be presumed to arise from magnitudedependent dynamic characteristics in a part of the body that influences the apparent mass with that frequency of vibration. The non-linearity in the apparent mass has been reported to be influenced more by some frequencies of vibration than by other frequencies of vibration (e.g., Toward 2002) . In the present study, the ratio of the apparent masses obtained at the highest and the lowest magnitude at each frequency varied with the frequency of both the sinusoidal vibration and the random vibration (Figure 22 ). At frequencies less than 2.5 Hz, the ratio is close to unity, so the magnitude of vibration did not greatly affect the apparent mass, and the response of the human body is close to linear. At frequencies greater than about 2.5 Hz, the ratio differs from unity, indicating nonlinearity. A ratio greater than unity means the apparent mass is greater with higher magnitudes, whereas a ratio less than unity means the apparent mass is greater with lower magnitudes. As the magnitude of vibration increased, the apparent mass resonance frequency reduced, so the ratio was greater than unity at frequencies less than the resonance frequency (around 5 Hz) and less than unity at frequencies greater than the resonance frequency. Even though the distribution of vibration within the body differs greatly over the frequency range investigated here, it is clear from Figure 22 
Effect of subject characteristic
The nonlinearity evident in the vertical apparent mass and the fore-and-aft cross-axis apparent mass obtained with both random and sinusoidal vibration was similar in males and females. There were no significant differences between males and females in their vertical apparent masses or their fore-andaft cross-axis apparent masses (after normalisation to correct for subject mass) at any of the five vibration magnitudes (i.e., 0.1, 0.2, 0.4, 0.8 and 1.6 ms -2 r.m.s.). There were also no significant differences between males and females in the principal resonance frequencies in the vertical apparent mass or fore-and-aft cross-axis apparent mass for either random or sinusoidal vibration at any of the five vibration magnitudes. This finding is similar to Fairley and Griffin (1989) who concluded that the mean normalised apparent masses of men, women, and children are similar. After controlling for other factors (i.e., age and body mass index), the resonance frequencies in the vertical apparent masses of males and females have also been found to be similar with three different backrest conditions (i.e., sitting upright with no backrest, sitting upright with a rigid backrest, and sitting with a foam backrest reclined to 15°) (Toward and Griffin 2011) . However, with a reclined rigid backrest the reduction in resonance frequency with increased vibration magnitude was significantly less in females than in males. It was suggested that the effects of anatomical differences between genders may be more pronounced when supported by a reclined rigid backrest.
The physical characteristics of the subjects (e.g., total-weight, sitting-weight, knee-height, sittingheight and BMI) were positively correlated with their vertical apparent masses at 1, 10 and 16 Hz, but there was no correlation with their resonance frequencies. Fairley and Griffin (1989) also found no statistically significant correlation between subject weight and the apparent mass resonance frequency, although seat-to-head transmissibility has been reported to be negatively correlated with subject weight and subject height (Griffin et al. 1982) . In the present study there were no significant correlations between the ages of the 40 subjects and their measured biodynamic responses. In a study with 80 subjects, Toward and Griffin (2011) found the frequency of the principal resonance increased by 0.27 Hz per 10 years increase of age. Whereas the present study investigated subjects aged 22 to 41 years, Toward and Griffin investigated subjects aged 18 to 65 years and it seems that the principal influence of age occurred in their subjects who were older than about 40 years.
Conclusions
During vertical vibration excitation of the seated human body, the vertical apparent mass, the foreand-aft cross-axis apparent mass, and the associated nonlinearity, are broadly similar with sinusoidal and random vibration. With both sinusoidal and random vibration, the principal resonance frequencies evident in the vertical apparent mass and the fore-and-aft cross-axis apparent mass are correlated and decrease as the magnitude of vibration excitation increases.
Both the stiffness and the damping of an equivalent single degree-of-freedom lumped parameter model of the body reduce with increasing magnitude of vibration excitation. Consequently, changes in the vertical apparent mass of the body with changes in the magnitude of vertical excitation depend on the frequency of the vibration excitation, with relatively little nonlinearity at frequencies less than about 2.5 Hz (where the apparent mass is little affected by stiffness or damping) but greater nonlinearity at higher frequencies (where the apparent mass is highly dependent on both stiffness and damping). It seems reasonable to expect that the changes in the stiffness and the damping are associated with some measure of relative motion at one or more location in the body. This relative motion will depend on the frequency of vibration, and so the nonlinearity in apparent mass obtained with random vibration may be expected, in general, to depend on the spectrum of the vibration excitation. The apparent mass of the body measured with the same magnitudes of random and sinusoidal vibration could therefore differ. However, for the spectrum of 1-to 16-Hz random vibration used in this study, the vertical apparent mass of the seated human body was similar to that with sinusoidal vibration of a similar magnitude, and there was similar nonlinearity with both waveforms (i.e., sinusoidal and random).
With both sinusoidal and random vibration there are no large or systematic differences between males and females in either their vertical apparent masses or their fore-and-aft cross-axis apparent masses after normalisation (i.e., correction for differences in sitting weight). There are also no large differences between males and females in the principal resonance frequencies evident in their vertical and fore-and-aft apparent masses during either random or sinusoidal vibration excitation. * from surface of seat to vertex of head Table 2 Resonance frequencies and apparent masses at resonance with sinusoidal and random vibration at five magnitudes (0.1, 0.2, 0.4, 0.8, and 1.6 ms -2 r.m.s. Table 3 Statistical significance of differences in fore-and-aft cross-axis apparent mass between sinusoidal vibration excitation and random vibration excitation at 12 frequencies (Wilcoxon matched-pairs signedranks test). ) of the single degree-of-freedom model fitted to the apparent mass with vertical random and sinusoidal vibration at five magnitudes (0.1, 0.2, 0.4, 0.8, and 1.6 ms -2 r.m.s. ) of the single degree-of-freedom model fitted to the apparent mass with vertical random and sinusoidal vibration at five magnitudes (0.1, 0.2, 0.4, 0.8 and 1.6 ms -2 r.m.s. Figure 3 Inter-subject variability in the vertical apparent masses of 20 male and 20 female subjects exposed to sinusoidal vertical vibration at 0.4 ms -2 r.m.s. 
